Introduction {#Sec1}
============

"What is health? The ability to adapt"^[@CR1]^. Consistently, this has also been the basic assumption of a medical and translational research field taking a complex systems approach to medicine and motor behaviour for the past two decades^[@CR2]--[@CR7]^. However, conceptualizing health as the ability to adapt comes along with an acute need for defining *ad hoc* measurements of such adaptability^[@CR2],[@CR8]^. Given the difficulty to appraise the intricate multiscale organization of complex systems, regardless of their nature, one approach has been to recognize that the manner in which some bio-behavioural variables fluctuate over time contains significant information about the condition of the organism itself. Based on this assumption, mounting evidence showed that unconstrained young and healthy organisms generate variables with highly complex --typically fractal-- patterns of fluctuations^[@CR5],[@CR9]--[@CR12]^. In contrast, complexity is lost with pathologies or aging, conditions commonly associated with a loss of the organism's adaptive capacities^[@CR5],[@CR6],[@CR13]--[@CR15]^. There are numerous examples, including heart failure^[@CR5]^, neurodegenerative diseases like Parkinsons's or Huntington's^[@CR16]^, attention deficit disorders^[@CR17]^, depression^[@CR18]^, aging and sensory deficit^[@CR19]^. The convergence of results across such a wide range of clinical situations led researchers to investigate the diagnostic and prognostic power of time series complexity^[@CR20]--[@CR22]^. It also contributed to ground the idea that fractal complexity in the system observables is a hallmark of its adaptability^[@CR5],[@CR6],[@CR11],[@CR12],[@CR14]^. While this idea is inspiring and conceptually plausible in various respects, accumulation of empirical findings is not evidence, and some significant issues remain.

Specifically, two interrelated conundrums arise from the literature. Firstly, if time series complexity is indeed a hallmark of organism's adaptability as a cross-cutting factor, then this relationship is necessarily transposable to various circumstances outside of pathology or aging: one could then assume that experimentally-induced constraints mimicking pathology- or age-associated impairments would alter the complexity of functional variables in a similar way. The relative compartmentalization of the literature certainly contributed to leave this point out: on the one hand, clinical approaches mostly addressed the alteration of complexity due to a pathological state or aging via cross-sectional studies, or in relation to the level of impairment (*e*.*g*.^[@CR16],[@CR18],[@CR23],[@CR24]^). Outside clinical conditions, only few studies did in fact investigate how fractal properties reflect the organism's internal adaptations under experimental constraints while respecting task equivalence^[@CR25]--[@CR27]^. Secondly, at a specified functional level, adaptability embraces multiple complementary dimensions, in particular changeableness (the ability to exploit a wide range of the functional repertoire) and robustness (the capacity to maintain functional indifference in the face of changing conditions). In fact, adaptability strongly interferes with the processes of organism's effective adaptations, whether evidenced at the functionally meaningful observation level or at any other level of the system. Furthermore, effective adaptations occurring at any level of the system may also affect further adaptability^[@CR28],[@CR29]^. On account of these issues, one cannot ascertain whether an alteration of complexity in the organism's variables reflects mechanisms specifically related to pathology, or the loss of adaptability associated with impaired conditions, or effective adaptations of the organism as a whole to maintain its functional level as far as possible when facing constraints.

An inclusive approach to complexity, adaptability, and adaptation in- and outside clinical conditions seems timely in order to define *ad hoc* measures of adaptability as a test to discriminate along a spectrum between healthy and pathological. One may consider that adaptive processes intervene in the organism up to a certain extent, after which any further adaptability is lost and functional impairment will eventually occur (*e*.*g*.^[@CR6]^). This leads to rethinking fractal complexity as a slider in a continuum between healthy states and impaired pathophysiological states (*e*.*g*.^[@CR6],[@CR30]^, see also^[@CR31]^). Here, we propose an experimental finger-tapping paradigm allowing to preserve task performance under conditions of gradual sensory feedback (FB) deprivation in 69 healthy subjects (Controls, and deprived of 1, 2 or 3 FB). The suppressed sensory feedbacks were visual and/or auditory and/or somesthetic, using a sensory nerve block. One deafferented subject (I.W.) was involved as the pathological-limit case: I.W. presented with sensory neuropathy associated with loss of proprioceptive functions and sense of touch, and was additionally deprived of visual and auditory feedbacks. We analysed the mono- and multifractal properties of the series of inter-tap intervals produced. We expected that this experimental paradigm would contribute to unravel how fractal properties in bio-behavioural variability characterize adaptability, adaptation, and healthy or pathological.

Results {#Sec2}
=======

For ease of understanding of the results, please note that each participant performed the task twice under the same condition of feedback deprivation, since it has been previously recommended to average the fractal exponents obtained from repetitions on a same task to improve the characterization of fractal properties (*e*.*g*.^[@CR32],[@CR33]^).

Tapping performance {#Sec3}
-------------------

For the two performance variables, *i*.*e*. Absolute Error (*AE* in ms) and Coefficient of Variation (*CV* in %) of the series of inter-tap intervals (ITI) produced, the repeated measures ANOVA 8(Sense) × 2(Trial) showed no significant Trial effect (*AE*: F(1, 61) = 0.042, *p* = 0.838; *CV*: F(1, 61) = 0.841, *p* = 0.363). Consequently, for these two trials, the values obtained per participant were averaged for each variable.

The nested ANOVA Sense(No.FB) showed neither an effect of the nested factor Sense (*AE*: F(4, 61) = 0.413, *p* = 0.798; *CV*: F(4, 61) = 1.606, *p* = 0.184), nor an effect of the nesting factor No.FB (*AE*: F(3, 61) = 2.492, *p* = 0.069; *CV*: F(3, 61) = 1.598, *p* = 0.199).

Finally, comparison with tapping performance by I.W. underlined significant differences between I.W. and each of the Control, −1 FB, −2 FB, and −3 FB groups for the two variables: the tapping performance for I.W. was globally altered, with larger *AE* (I.W. *vs*. Control: t(9) = 3.789, *p* = 0.004; I.W. *vs*. −1 FB: t(25) = 12.301, *p* = 0.000; I.W. *vs*. −2 FB: t(22) = 21.378, *p* = 0.000; I.W. *vs*. −3 FB: t(9) = 5.930, *p* = 0.000) and more variable tapping intervals (CV: I.W. *vs*. Control: t(9) = 7.204, *p* = 0.000; I.W. *vs*. −1 FB: t(25) = 9.858, *p* = 0.000; I.W. *vs*. −2 FB: t(22) = 10.767, *p* = 0.000; I.W. *vs*. −3 FB: t(9) = 7.871, *p* = 0.000). Figure [1](#Fig1){ref-type="fig"} summarizes tapping performance results.Figure 1Performance variables for the four No.FB groups and I.W. Left: Absolute Error of ITI series with respect to target tempo. Right: *CV* of ITI series. The pattern of results is qualitatively the same for the two variables, with significantly altered tapping performance for I.W. compared to each of the four No.FB groups. Error bars represent standard deviation. \**p* \< 0.05.

Monofractal properties of tapping series (*α*) {#Sec4}
----------------------------------------------

All participants and series considered, the evenly spaced Detrended Fluctuation Analysis (DFA)^[@CR34]--[@CR36]^ yielded monofractal exponents *α* ranging from 0.42 to 1.12. For 135 out of the 140 ITI series (96%), DFA yielded *α* \< 1. The ITI series produced were thus consistently characterized as fGn. Figure [2](#Fig2){ref-type="fig"} displays the average diffusion plots for the Control, −1 FB, −2 FB, and −3 FB groups, and for I.W. Statistical analyses applied to α revealed a similar pattern of results as obtained for the tapping performance: the repeated measures ANOVA 8(Sense) × 2(Trial) showed no significant Trial effect (F(1, 61) = 1.352, *p* = 0.249), and similarly the nested ANOVA Sense(No.FB) did not show an effect of Sense (F(4, 61) = 0.045, *p* = 0.996) nor of No.FB (F(3, 61) = 0.950, *p* = 0.422). However, comparison between I.W. and the Control, −1 FB, −2 FB, and −3 FB groups revealed that *α* was significantly lower for I.W. than for each of the four groups (I.W. *vs*. Control: t(9) = 5.999, *p* = 0.000; I.W. *vs*. −1 FB: t(25) = 8.478, *p* = 0.000; I.W. *vs*. −2 FB: t(22) = 11.802, *p* = 0.000; I.W. *vs*. −3 FB: t(9) = 7.829, *p* = 0.000). Figure [2](#Fig2){ref-type="fig"} summarizes the results obtained for the monofractal properties of ITI series.Figure 2Results on monofractal properties. Left: Average diffusion plots in log-log coordinates obtained from DFA for the four No.FB groups and I.W. The monofractal exponents *α* correspond to the slopes of the regression lines fitting the plots. Right: Average fractal exponents; *α* is significantly lower for I.W. than for each of the four No.FB groups, and tends towards 0.5 (*i*.*e*., white noise). Error bars represent standard deviation. \**p* \< 0.05.

Multifractal properties of tapping series (*MF-Width*) {#Sec5}
------------------------------------------------------

All participants and ITI series considered, the Multi-Fractal Detrended Fluctuation Analysis (MF-DFA)^[@CR37],[@CR38]^ yielded singularity spectra with widths (*MF-Width*) ranging from 0.34 to 0.58. Figure [3](#Fig3){ref-type="fig"} displays the average multifractal spectra for the Control, −1 FB, −2 FB, and −3 FB groups, and for I.W. The repeated measures ANOVA 8(Sense) × 2(Trial) on *MF-Width* showed no significant Trial effect (F(1, 61) = 0.841, *p* = 0.363). The nested ANOVA Sense(No.FB) showed no effect of the nested factor Sense (F(4, 61) = 0.399, *p* = 0.809), but did show an effect of the nesting factor No.FB (F(3, 61) = 2.955, *p* = 0.039): post-hoc analysis showed that *MF-Width* was significantly higher for the −3 FB group than for the Control (*p* = 0.009) and −1 FB groups (*p* = 0.01). Comparisons with I.W. showed that *MF-Width* was also significantly higher for I.W. than for the Control (t(9) = 4.401, *p* = 0.002) and −1 FB groups (t(25) = 2.969, *p* = 0.006), but not different from the −3 FB group (t(9) = 1.032, *p* = 0.329). Figure [3](#Fig3){ref-type="fig"} summarizes the results obtained for the multifractal properties of ITI series.Figure 3Results on multifractal properties. Left: Average singularity spectra obtained from MF-DFA for the four No.FB groups and I.W. The width of a spectrum corresponds to the range between the highest and lowest singularity exponents (*α*). Right: Average multifractal widths; *MF-Width* for the −3 FB group and I.W. do not significantly differ, but both are larger than for the Control and −1 FB groups. Error bars represent standard deviation. \**p* \< 0.05.

Finally, all participants considered, Spearman's rank correlation revealed a significant monotonic and positive relationship between *MF-Width* and the number of feedback suppressed (*ρ* = 0.37, *p* = 0.002).

Discussion {#Sec6}
==========

We addressed the challenge of clarifying the significance of fractal complexity in terms of adaptation, adaptability, pathology and health. Our main results were (i) no significant effect of feedback deprivation on tapping performance in neurologically intact groups, but decreased performance in I.W.; (ii) an increased degree of multifractality of tapping series when increasing the number of feedbacks suppressed; (iii) a decreased monofractal exponent in I.W. compared to all healthy groups.

Eliciting internal adaptations independently of functional impairment and pathology {#Sec7}
-----------------------------------------------------------------------------------

Results showed no significant alteration of tapping performance regardless of the number and nature of the feedbacks suppressed in healthy subjects. These results are thus consistent with the idea that no sensory feedback is essential in tapping, since multiple adaptive configurations can produce comparable tapping performance depending on circumstances. Indeed, as regards to feedback deprivation in self-paced tapping, there is no firm consensus on the relative contribution and integration of sources of sensory information. For a long time, self-paced tapping was mainly considered open-loop, as formalized by the well-established Wing & Kristofferson model^[@CR39]^. However, research has since shown that several feedback manipulations could likely elicit compensatory patterns in timing behaviour, thus indicating some form of sensory integration in tapping performance^[@CR40]--[@CR43]^. In fact, as evidenced in the literature it seems that tapping performance could be regulated by several configurations of interrelated subsystems, or strategies (*e*.*g*.^[@CR44],[@CR45]^): while the "minimal" open-loop configuration may enable to carry out consistent tapping performance under circumstances, proprioceptive, auditory, and visual feedbacks provide partially redundant information integrated depending on availability/salience and the various constraints imposed to the bio-behavioural system.

As regards to our pathological limit case with chronic deafferentation, patients have likely developed compensatory strategies, including increased reliance on visual and auditory feedbacks^[@CR44],[@CR46],[@CR47]^, allowing to produce reasonably consistent self-paced tapping, however without attaining the same performance as control subjects^[@CR41],[@CR44]^. Our results from I.W. -- deprived of auditory and visual feedbacks in addition to his intrinsic loss of somesthetic feedback -- were congruent: tapping performance was not dramatically impaired in I.W. however it was significantly deteriorated compared to the healthy groups, with increased variability and lengthened inter-tap intervals (Fig. [1](#Fig1){ref-type="fig"}). According to the literature, the age factor (I.W. aged 61 years at the time of the study) might have contributed to the global slowing of the tapping tempo but is unlikely the cause of the increased variability^[@CR41],[@CR48]^.

In light of the above elements, our experimental setting appears heuristic. Indeed, experimental feedback deprivation in healthy groups allowed for unaltered performance without changing the nature of the task, thanks to internal adaptations. Moreover, feedback deprivation could be experimental *vs*. pathological in nature, and both allowed for consistent and exploitable performance on the same task, while revealing functional impairment in the pathological subject. However, some limitations to the study should be taken into account. Firstly, none of the healthy groups showed any significant decrement in performance. Hence, it was impossible to identify some contrasts, in particular comparing the effects of pathological *vs*. non-pathological functional impairments on fractal properties. Secondly, it is worth recalling that a compromise between ideal and feasible methodological rigor, as regards notably times series length, is unavoidable when assessing behavioral data collected from patients or under constraining conditions. Aware of this, we took care to perform analyses on satisfying sample sizes, worked on repeated performances by each participant on the same task, and integrated recent methodological developments of mono- and multifractal analyses proposed in the literature, notably evenly spacing and the focus-based approach^[@CR35],[@CR38]^. Finally, although the −3 FB group and I.W. were intended to be formally comparable in terms of the number of feedbacks suppressed, the nature and range of internal adaptations and neuroplastic changes associated with localized transient *vs*. complete chronic conditions were obviously not comparable^[@CR49],[@CR50]^. While such limitation applies to the present study, it does also impede experimental efforts to clarify the meaning of fractal properties in terms of pathological *vs*. non-pathological constraints.

Multifractality -- a marker of internal adaptations of the organism {#Sec8}
-------------------------------------------------------------------

Suppression of one or other of the visual, auditory, or somesthetic feedbacks had no differential effect on the multifractal properties of the tapping series. In contrast, when increasing the number of feedbacks suppressed in the healthy groups (regardless of the sensory modalities) the width of multifractal spectra increased, while tapping performance remained statistically unchanged. Although differences in *MF-Width* did not reach significance for all No.FB comparisons, correlation analysis showed that the degree of multifractality was linearly related to the number of feedbacks suppressed. *MF-Width* did not significantly differ between I.W. and the healthy −3 FB group, showing that pathology *per se* -- *i*.*e*. once controlled for the number of feedbacks suppressed -- had no specific effect on the degree of multifractality.

Unlike monofractal properties, multifractal properties in significant functional variables quantify interaction-dominant (as opposed to component-dominant) dynamics in complex systems' behaviours; they encapsulate the nonlinear cross-scale interactions among the multiple subsystems in the organism, and are well accounted for by multiplicative cascading models^[@CR51],[@CR52]^. So, multifractals likely characterize the coordination among subsystems, perceptual or others, and putative shifts in how the system regulates to adapt to changing constraints (*e*.*g*.^[@CR25],[@CR53]^). In this line, multifractal fluctuations in movement variables were also shown to predict the integration and use of perceptual information to adapt motor behaviour to external perturbations^[@CR25]^. More specifically, recent studies bridging behavioural and brain observation levels showed that the degree of multifractality in tapping relates to (re)organizations in functional brain connectivity underlying the tapping performance: an increase in the width of multifractal spectra of ITI series was shown to correlate with increased number of different brain networks involved in the task^[@CR54]^. Shifts in brain connectivity were indeed evidenced as an adaptive response to feedback deprivation in the cases of chronic/pathological conditions as well as transient experimental manipulations, with notably an increased connectivity and diversification of neural circuits across sensory and non-sensory areas^[@CR49],[@CR50],[@CR55],[@CR56]^. Based on these elements, our findings of increased multifractality appear fully consistent with an increased repertoire of interactivity within the organism^[@CR51],[@CR57]^ as an adaptation to experimentally- or pathology-induced feedback deprivation.

Showing that alterations of fractal properties enable to identify subtle changes in the systems' organization or condition when the functional ability does not yet exhibit it, is not a new finding *per se* (*e*.*g*.^[@CR16]^). However, previous evidence often stemmed from cross-sectional studies, comparing pathological or elderly subjects to healthy/young controls. As a matter of fact, it was suggested that alterations of (multi)fractal properties in the organisms observables reflect their impaired/pathological condition, and by extension a loss of their adaptive capacities. If we had focused on I.W. and the control group only, it would have been tempting to reach the same conclusion. However, our work takes a step further since it reveals a step-by-step evolution of multifractality irrespective of functional impairment and pathology, as a function of the gradual constraints imposed to healthy participants -- up to I.W. as our pathological-limit case. Accordingly, we argue that multifractality reflects internal adaptations of the organism to maintain when facing constraints a given functional level, whether in pathological or healthy subjects. By uncovering necessary internal adaptations of the organism ahead of any apparent functional impairment, multifractal properties could thus be particularly promising in the perspective of developing early diagnostic/prognostic measures of pathological states before their clinical onset.

Monofractal properties -- a marker of impaired functional ability and/or pathology {#Sec9}
----------------------------------------------------------------------------------

Neither the factor sensory modality nor the factor number of feedbacks suppressed had an effect on the monofractal properties of tapping series in healthy groups. Remarkably however, I.W., deprived of visual and auditory feedbacks in addition to his pathological loss of somesthetic feedback, showed an *α* exponent close to 0.5 (*i*.*e*., increased randomness) and significantly lower than for all the healthy groups, including the group −3 FB (AVS). This pattern suggests that the drop of the monofractal exponent is not due to the number of feedbacks suppressed, but to the intrinsic pathological condition in I.W.

These results may be considered together with a previous study by Manor *et al*.^[@CR19]^ where four groups of elderly subjects presenting with (i) no sensory impairments, (ii) visual impairments only, (iii) somatosensory impairments only, and (iv) combined impairments, performed a quiet standing task. The complexity of postural sway was found to decrease gradually from controls to the group with combined feedback impairments. At a first glance our present results could seem incongruent, since one might have anticipated a gradual decrease of complexity with an increasing number of feedbacks suppressed from controls to the −3 FB group. However, an important point is that in Manor *et al*.^[@CR19]^, the gradual loss of complexity across groups paralleled with a gradual deterioration of classical sway parameters (sway area and velocity), and that the alteration of feedbacks was systematically due to the impaired condition of the organism. That is, the level of constraints on the system, altered functional performance, and pathology remained putative confounded factors in time series complexity. Our results allow to go one step beyond in this respect: the loss of complexity in I.W. but in none of the experimental −1, −2, and −3 feedback deprivation groups suggests that adaptations facing increasing constraints on the system is not a determinant of the monofractal properties in output variables.

Nonetheless, the present results on monofractal properties are not fully conclusive. Indeed, since none of the healthy groups showed any decrease in performance with feedback deprivation while I.W. presented with both a pathology and impaired performance, we were not able to ascertain whether the loss of fractal complexity was related to impaired functional ability regardless of its origin, or was specifically associated with pathological impairments. At this stage, one could thus consider than an alteration of monofractal properties does not reflect internal adaptations but indeed the limit of such adaptations, *i*.*e*. loss of adaptability. While this idea matches with previous literature^[@CR5],[@CR6],[@CR14]^, it should however be handled with caution in regards to two aspects: first, it does not constitute an evidence for the thesis of loss of complexity with aging and disease, since it remains unclear whether the relationship also holds outside any clinical context (*e*.*g*.^[@CR13],[@CR58]^). Second, underlining complexity as a hallmark of adaptability poses a broader issue: adaptability is conceptually vague, as it encompasses multiple dimensions (for example indifference to changing constraints, the repertoire of possible behaviours, anticipation of changing constraints, etc.)^[@CR59]^, and unfolds across several contexts and observation levels (*e*.*g*., mental flexibility, brain plasticity, etc.). This makes the complexity-adaptability relationship hardly testable/falsifiable other than by using default reasoning. In the current stage of knowledge, the commonly assumed association of complexity, in particular fractal properties, and adaptability appears to be a shortcut that might prove an epistemological obstacle under circumstances.

Conclusion {#Sec10}
==========

The present experimental approach of gradual feedback deprivation in between the two -- healthy unconstrained and pathological -- extremes, promotes the idea of a continuum integrating internal adaptations into the intricate picture of adaptability, functional impairment, and pathology. Our results on monofractal properties converge with the idea that loss of time series complexity reflects a loss of adaptive capacities of the organism. Future research should clarify whether it is pathology-specific by considering different aspects of adaptability outside clinical contexts. In contrast, we argue that multifractal properties reflect internal adaptations of the organism under constraints, being sensitive to changes in the systems interactions even in the absence of functional alteration. As such multifractal properties could be particularly promising for developing early diagnostic/prognostic measures of pathology ahead of objective functional decline.

Materials and Methods {#Sec11}
=====================

Subjects {#Sec12}
--------

Seventy subjects, 69 young and healthy individuals (38 males, age 24.3 ± 5.0 years, 66 right-handed) and 1 subject presenting with chronic peripheral deafferentation, I.W. (male, age 61 years, left-handed), were included in the study. Healthy subjects were included if aged between 18 and 45 years and meeting none of the following exclusion criteria: (i) pregnant, parturient, or nursing women; (ii) neurological pathology affecting the central or peripheral nervous system; (iii) recent or current trauma of the upper limb; (iv) severe and uncorrected visual or auditory impairment; (v) intensive musical training. Subjects signed an informed consent after a medical consultation, and the experiment was performed in accordance with all relevant guidelines and regulations. The procedures were approved by the Ethics Committee Sud Méditerrannée III (CPP no. 2015.09.01).

I.W. presents with peripheral deafferentation with selective loss of large myelinated sensory fibres yielding to a deficit of somesthetic feedback below the neck, specifically the sense of touch, pressure, and proprioception of joint positions and movement of the upper limbs. However, perception of pain and temperature remain unaffected. Motor nerves are also unaffected, as shown by normal motor nerve conduction velocities and electromyography results. Since the onset of this pathology at the age of 19 years, I.W. achieved good motor control relying particularly on vision (for details on disease characteristics see^[@CR60]--[@CR62]^). In regards to our purpose, the behaviour of I.W. offered a rare opportunity to compare the effects of deafferentation due to an extreme pathological condition *versus* experimentally-induced deafferentation in healthy subjects, on the fractal properties of outcome variables.

Apparatus {#Sec13}
---------

Participants were sitting on an adjustable chair, with their dominant side forearm and hand resting on a customized plinth on a table in front of them. Previous tapping studies in I.W. reported a potential loss of contact with the tapping surface (the hand wandering in the air) for lengthy tapping sequences, due to absence of proprioceptive feedback (*e*.*g*.^[@CR40]^). Therefore the hand was maintained on the surface during trials for I.W. A PC-driven auditory metronome (*Matlab* 2008a) delivered a sequence of 20 tones at a specified frequency. During the tapping task, movements of the index finger were collected using a small single-axis accelerometer stuck on the nail. Acceleration data were collected using a Labjack U12 device and stored via its software (LJStream v1.07). The sampling rate was 300 Hz. Depending on the experimental condition they were assigned to, participants wore a sleeping mask to prevent visual feedback, and/or noise suppression ear defenders to prevent auditory feedback, and/or they were administered a peripheral nerve block at wrist level to prevent somesthetic feedback.

Experimental task and procedures {#Sec14}
--------------------------------

Subjects performed a finger tapping task following a classic synchronization-continuation paradigm^[@CR39]^: during the initial phase participants had to tap in synch with 20 pacing signals delivered by the auditory metronome. The tempo imposed by the metronome was 1.5 Hz, known as a comfortable tapping frequency^[@CR63]^. Once the metronome stopped, participants had to continue tapping as regularly as possible at the same tempo for 6 minutes 40 seconds. The trial duration was set to yield series of at least 512 ITI for subsequent fractal analysis^[@CR32]^, while avoiding as much as possible putative effects of fatigue or weariness.

After inclusion, healthy participants were randomized into 8 experimental groups. The groups differed by the deprived sensory feedback(s), according to a two-factor nested design with the factor "Sensorial Modalities" (Sense) nested within the "Number of Feedbacks" (No.FB): each level of the factor Sense was found in combination with only one level of the factor No.FB. Sensory modalities manipulated were auditory (A), visual (V), and somesthetic (S) feedbacks. Previous studies showed that tapping behaviour was sensitive to experimental feedback manipulations, yet suppression of different sensorial feedbacks does not jeopardize consistent tapping performance (*e*.*g*.^[@CR47],[@CR64]^). We suppressed sensory feedbacks in a single setting or in all possible combinations, thus yielding 8 levels for the nested factor Sense (no feedback, A, V, S, AV, SA, SV, and AVS suppressed), and 4 levels for the nesting factor No.FB (−0 FB/control, −1 FB, −2 FB, and −3 FB). Table [1](#Tab1){ref-type="table"} summarizes the experimental design. Such design thus allowed us to focus on the effect of the number of deprived feedbacks (with n = 10, 26, 23, and 10 for the control −1 FB, −2 FB, and −3 FB groups, respectively) while checking for putative differences due to the sensorial modalities concerned. Each participant performed two trials in the assigned condition, with a 2-minute rest in between.Table 1Summary of the experimental design.Number of feedbacks suppressedControl−1−2−3−3A×××××V×××××S×××××**Healthy groupsIW**A: auditory, V: visual, S: somesthetic.

I.W. performed two trials following the same procedure, being experimentally deprived of both auditory and visual feedbacks in addition to his intrinsic impairment of somesthetic feedback.

Sensory nerve block {#Sec15}
-------------------

A locoregional anaesthesia was performed by injection of 2 ml of ropivacaïne 7.5 mg/ml at the wrist, at the contact of the ulnar, median, and radial nerves. At such low doses, the injection leads to a sensory block without affecting motor command. After injection, participants rested for 20 to 30 minutes to achieve the anaesthetic effect. In the case the effect was judged incomplete, an additional dose was administered at the site of the concerned nerve. Use of ropivacaïne at the doses used provides anaesthesia for 6 to 10 hours, and each participant performed the experimental task within 2 hours after injection.

Data analysis {#Sec16}
-------------

### Pre-processing {#Sec17}

Raw acceleration data were processed using *Matlab* 2016a. An algorithm for peak detection was applied to acceleration data to determine the tapping times, and series of ITI were computed as the difference between consecutive tapping times. Per trial, series of 512 ITI were retained for subsequent analyses.

### Tapping performance {#Sec18}

To assess performance precision we determined the absolute error (*AE* in ms) of ITI series in regards to the required target intervals (666 ms). To get a global assessment of the combination of all sources of variability commonly considered in tapping (*i*.*e*., motor and timekeeper variability) we calculated the coefficient of variation (*CV* in %) of ITI series.

### Monofractal properties of tapping series {#Sec19}

Linearly detrended ITI series were submitted to evenly spaced Detrended Fluctuation Analysis (DFA)^[@CR34]^. To investigate the organization underlying human bio-behavioral variables, DFA is one of the most widespread and robust methods that characterizes the monofractal properties of time series. Fractal time series typically exhibit fluctuations with scale invariant structure (*i*.*e*., obeying a power law distribution$$\documentclass[12pt]{minimal}
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                \begin{document}$$X(ct)={c}^{H}X(t),$$\end{document}$$where *X* is the signal, *c* is a constant, *H* is the fractal exponent) and temporal long-range correlations (meaning the autocorrelation function of the time series decays as a power-law without falling to zero). In short, DFA exploits the diffusion properties of time series, analysing the relationship between the characteristic size of fluctuations *F*(*s*) and the segment length *s* for which these fluctuations are measured. As a first step, the series *x*~*i*~ of length *N* is integrated by cumulative summation after subtracting the mean of the whole signal:$$\documentclass[12pt]{minimal}
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The integrated series *X*(*k*) is then divided into *n* non-overlapping segments of length *s*, with *s* typically ranging from 10 to *N*/2. Within each segment, the series *X*(*k*) is linearly detrended by subtracting the theoretical values *X*(*k*)^*Th*^ given by the regression. Finally, for all possible segments lengths *s*, the characteristic size of fluctuations is computed as:$$\documentclass[12pt]{minimal}
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For fractal series, a power-relationship characterized by the monofractal exponent *α* ∈ \[0, 2\] is expected:$$\documentclass[12pt]{minimal}
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Exponent *α* thus corresponds to the slope of the plot *F*(*s*) against *s* in bi-logarithmic coordinates (see Fig. [4](#Fig4){ref-type="fig"} for illustration). Recent developments of the methods addressed the points of the diffusion plot to be considered for the linear regression: evenly spacing (*i*.*e*. geometrically equidistant points of the plot instead of logarithmically spaced points) was shown to increase the reliability of *α* estimates^[@CR35],[@CR36]^. We thus included this procedure in the present analysis.Figure 4Illustration for mono- and multifractal methods. Left: DFA diffusion plots for three time series. The two white plots have nearly the same slopes (similar *α* exponents for the time series) while the black plot has a flatter slope (lower *α* exponent). Right: Singularity spectra for the same three time series. The shift to the left of the black spectrum corresponds to the relatively lower *α* exponent yielded by the DFA for this series compared to the two others. While for the two white spectra the central tendencies are nearly superimposed, the width of the square-dot spectrum is larger than for the circled one, showing that the two time series have different degrees of multifractality regardless of their monofractal exponent.

By yielding a single fractal exponent that characterizes the time series, DFA assumes that the fractal properties are homogeneous over all time scales of the entire series. For 0.5 \< *α* \< 1 the series is a stationary fractional Gaussian noise (fGn) and contains persistent long-range correlations^[@CR65]^. In particular, for *α* = 0.5 the series is white noise (random, totally unpredictable behaviour), for *α* = 1.5 the series is Brownian motion (regular, predictable behaviour), and for *α* = 1 the series is so-called 1/*f* noise. Complexity is considered maximal for 1/*f* noise, and decreases as *α* departs from 1, tending either towards 0.5 (white noise) or towards 1.5 (Brownian motion). Loss of complexity in both directions was found in the literature (*e*.*g*.^[@CR5],[@CR17]^) though alterations towards white noise were far more commonly reported in the translational literature on human physiology and motor control.

### Multifractal properties of tapping series {#Sec20}

While monofractal analyses assume that the fractal properties are homogeneous over all time scales of the series, the temporal fluctuations of bio-behavioural variables are often heterogeneous^[@CR51]^. Multifractal analyses are more fine-grained and allow to capture a combination of different intermittent fluctuation patterns, meaning putative variations of the fractal scaling properties over different time scales of the series. As such, multifractal analyses likely capture the organization and reorganizations among multiple subsystems that interact across various time scales to contribute to the global system's performance (*e*.*g*. 25).

In particular, Multifractal Detrended Fluctuation Analysis (MF-DFA) was introduced by Kantelhardt *et al*.^[@CR37]^, and received recent methodological developments. The first steps of the procedure are basically the same as for DFA. After integration of the original series *x*~*i*~ into *X*(*k*), segmentation of *X*(*k*) into *n* non-overlapping segments of length *s*, and linear detrending within each segment, the variance is determined for each segment:$$\documentclass[12pt]{minimal}
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                \begin{document}$${F}^{2}(s,n)=\frac{1}{s}\mathop{\sum }\limits_{k=1}^{s}{\{X[(n-1)s+k]-{X}_{n}^{Th}(k)\}}^{2},\,\,\,n=1,\,\ldots ,{N}_{s}$$\end{document}$$

The average size of fluctuations is then computed over all segments of equal length for *q*^th^ order moments, with *q* ranging from −15 to +15 in steps of 1 in the present case, to obtain the *q*^th^ order fluctuation function:$$\documentclass[12pt]{minimal}
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Note that the particular case *q* = 2 corresponds to standard DFA computation.

If the series *x*~*i*~ has fractal scaling properties, *F*~*q*~(*s*) is scaled to *s* following a power law:$$\documentclass[12pt]{minimal}
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                \begin{document}$${F}_{q}(s)\propto {s}^{h(q)}$$\end{document}$$

The function *h*(*q*) is the generalized Hurst exponent, and for series that are fGn *h*(2) corresponds to the *α* exponent yielded by DFA. While for monofractal series *h*(*q*) is indent of *q*, in multifractal series *h*(*q*) describes different scaling behaviors for segments of the series with larger (for *q* \> 0) and smaller (for *q* \< 0) fluctuations.

From the above function, results can be converted into a standard multifractal formalism using simple transformations, to be finally summarized in the singularity spectrum (see^[@CR37]^ for details on the mathematical transformations). The singularity spectrum relates the Hölder exponent *α*, representing the singularities of the scaling behaviours of the series, and the fractal dimension *f*(*α*) for each subset of the series characterized by the same Hölder exponent. One can relate the Hölder exponent *α* and *f*(*α*) to *h*(*q*) by:$$\documentclass[12pt]{minimal}
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The singularity spectrum thus captures the heterogeneity, or intermittent changes in scaling behaviours within the series^[@CR51]^, and is expected to present a parabolic shape. The variable of interest here is the width *α*~*max*~ − *α*~*min*~ of the singularity spectrum (*MF-Width*), which represents the degree of multifractality of the series (Fig. [4](#Fig4){ref-type="fig"}).

It was reported that for experimental time series MF-DFA computation may sometimes yield "inversed" spectra instead of the expected parabolic shape^[@CR38],[@CR66]^. To overcome this limitation, recent methodological developments by Mukli *et al*.^[@CR38]^ have introduced the so-called focus based approach, using a theoretical focus of the scaling function *F*~*q*~(*s*) to guide the regression for *h*(*q*) (procedure relative to Eqs [5](#Equ5){ref-type=""} and [6](#Equ6){ref-type=""}). We integrated this procedure in our present analysis since it was shown to allow for more robust performance and avoiding inversed spectra^[@CR38]^.

Statistical analyses {#Sec21}
--------------------

The statistical procedure was the same for all dependent variables (AE, CV, α, and *MF-Width*). Samples were first checked for normality and homogeneity of variances before applying parametric analyses. A 2-way repeated measures ANOVA Sense × Trial was then performed to check for a significant effect or the factor Trial. If there was none, we averaged the values obtained from trial 1 and trial 2 for each participant and applied a 2-way nested ANOVA Sense(No.FB). Likewise, values obtained from trial 1 and trial 2 with I.W. were averaged and compared as a test value to the four No.FB groups, using one sample *t*-tests. Finally, based on the results obtained from the nested ANOVA on *MF-Width*, we tested for a correlation between *MF-Width* and the number of feedbacks subjects were deprived of, using Spearman's rank correlation. The significance threshold was set at *p* \< 0.05.
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